Quality esophageal high-resolution manometry (HRM) studies require competent interpretation of data. However, there is little understanding of learning curves, training requirements, or measures of competency for HRM. We aimed to develop and use a competency assessment system to examine learning curves for interpretation of HRM data.
H eartburn and dysphagia account for more than 2 million annual outpatient ambulatory visits and evaluation often requires esophageal manometry.
1,2 All gastroenterologists should have a strong understanding of esophageal motility disorders, and experts must be proficient in interpreting esophageal manometry. [2] [3] [4] However, a minority of trainees receive formal esophageal manometry training; in these rare instances, training is primarily apprenticeship based, relying on case volume, time-based training periods, and subjective evaluations as surrogates for competency. 3 Research in medical learning, including work in gastrointestinal endoscopy, repeatedly demonstrates that specific case volumes do not ensure competency, and robust competency assessment methods are imperative to producing clinicians that provide highquality care in unsupervised practice. [5] [6] [7] [8] [9] The critical deficiency in competency-based training translates to marked variability in the interpretation of esophageal manometry. We previously found that agreement in diagnostic impressions for esophageal high-resolution manometry (HRM) among trainees and physicians in practice is suboptimal. 10 Diagnostic inaccuracies adversely impact patient outcomes, require repeated studies, and contribute to avoidable healthcare costs, and experts recognize that poor interpreter competency remains a major impediment to a quality HRM study. 2 However, an understanding of learning curves and measure of competency for HRM does not exist, in part, because of a deficiency in standardized training systems and established competency benchmarks for HRM. 2, 3 In this study, we aimed to develop and use a competency assessment system for HRM to examine learning curves for HRM interpretation among HRM-naive trainees. We hypothesized that an integrated webbased system will effectively measure trainee competency, and that learning curves for HRM will vary among trainees.
Methods

Study Design and Participants
We performed a prospective multicenter trial at 10 Accreditation Council for Graduate Medical Education-accredited gastroenterology training programs across the United States over an 8-month period (May 2015 to December 2015). Gastroenterology trainees were included as study participants if they had no to minimal (read <5 HRM studies) prior exposure to HRM. Northwestern University's Institutional Review Board (STU00201267) approved this study, and all participants provided written informed consent.
Over a 2-month development phase (May 2015 to July 2015) the study team designed a web-based training module and competency assessment system for HRM. The training system consisted of a handbook including a step-by-step educational tutorial on ManoView version 3.0.1 (Given Imaging, Los Angeles, CA) software use and interpretation, a review of HRM metrics and definitions according to Chicago Classification version 3.0, 11 and an embedded video lecture delivered by an expert in HRM (J.E.P.). The lecture consisted of an introduction to HRM and a recommended systematic approach to interpreting HRM. The competency assessment tool consisted of 50 deidentified HRM cases seen at Northwestern University and included, in random order, achalasia type I (5), type II (7), type III (4); esophagogastric junction (EGJ) outflow obstruction (6); distal esophageal spasm (3); absent contractility (3); hypercontractile (jackhammer) esophagus (4); fragmented peristalsis (3); ineffective esophageal motility (6); normal esophageal motility (6) Participants reviewed the web-based training module and completed a baseline questionnaire. Participants then completed 50 HRM studies within a 5-month period (July 2015 to November 2015). Participants used locally installed ManoView software to interpret all deidentified HRM studies and submitted their study interpretations through Research Electronic Data Capture, a secure webbased data collection application, housed at Northwestern University. 12 Interpretations were based on quality measures previously identified by the experts in a RAND UCLA Appropriateness Method process and included locations of the upper esophageal sphincter and pressure inversion point; measurement of basal EGJ pressure, integrated relaxation pressure (IRP), distal contractile integral, and distal latency; determination of EGJ morphology, presence of hiatal hernia, peristaltic integrity, and pressurization pattern; and overall diagnosis according to Chicago Classification Scheme version 3.0 ( Figure 1) . 2 Participants received structured feedback via e-mail after the fifth and then every second submitted interpretation. This feedback consisted of the correct HRM interpretation and an associated explanation. Correct answers were based on number ranges for upper esophageal sphincter location (AE 1 cm); basal EGJ pressure (AE 5 mm Hg); pressure inversion point location (AE 1.5 cm); IRP (AE 2.5 mm Hg); and multiple choice options for EGJ morphology (type I, II, or III), presence of hiatal hernia (yes or no), distal contractile integral (<450, 450-8000, or >8000 mm Hg-s-cm), distal latency (<4.5, 4.5-5.5, or >5.5 seconds), peristaltic integrity (normal or fragmented), pressurization pattern (none, panesophageal, or compartmentalized), and overall diagnosis. Additionally, confidence level in interpretation (scale of 1-10, with 10 being the highest) was reported. At the end of the study, participants received information on their overall performance and competency level, and completed a poststudy questionnaire. Following successful completion of the study, participants were remunerated.
Outcomes
The primary outcome was the cumulative learning curve score for overall diagnostic accuracy for each participant. The secondary outcomes were the cumulative learning curve scores for diagnostic accuracy in individual skills (eg, basal EGJ pressure) for each participant and diagnostic accuracy by diagnosis type.
Statistical Analysis
Evaluation of competency status used a modified cumulative sum (CUSUM) procedure to assess the learning curve for each participant. CUSUM control charts continuously assess the performance of an individual against a predetermined standard. The CUSUM procedure for learning curves of this nature requires prespecification of 4 parameters: (1) p0, the acceptable failure rate; (2) p1, the unacceptable failure rate; (3) type I error (a); and (4) type II error (b). In this case, we set p0 ¼ 0.1 a priori because 90% diagnostic accuracy is the expert performance standard, and we set p1 ¼ 0.2 because standard practice suggests a reasonable threshold is p1 ¼ 2(p0). 13, 14 We set type I and type II errors at 10%, which are typical values in the context of performance monitoring. 15 Each diagnostic accuracy outcome was binary (success ¼ correct diagnosis, failure ¼ incorrect diagnosis). We detail the CUSUM score calculation in the Supplementary Text. Briefly, we set CUSUM to zero for the first case. For each subsequent assessment of accuracy we added to the CUSUM score in case of an incorrect diagnosis and subtracted from the CUSUM score in case of a correct diagnosis. If the score crossed a prespecified threshold (indicative of an out of control process), CUSUM score was reset to zero. An upward projection of the CUSUM score or one that requires a reset to zero according to the algorithm outlined previously suggests unstable competency for diagnostic accuracy. A stable or downward projection indicates anticipated or increasing competency for diagnostic accuracy. On completion of the 50 HRM studies, we defined participants' competency as competency not achieved if a reset occurred within the last 10 studies and/or if the final CUSUM score exceeded 1.0, competency achieved if the final CUSUM score fell below 0.0, and competency likely achieved if the final CUSUM score fell between 0.0 and 1.0. A subsequent sensitivity analysis considered 80% diagnostic accuracy as the performance standard (p0
To evaluate association between underlying disorder and diagnostic accuracy for any given case study we used a generalized linear model with logit link for accuracy using diagnosis as the sole predictor. We used generalized estimating equations with the robust sandwich estimator to account for within case/participant associations. We present model-estimated (least squares) means and compared pairwise differences across diagnoses using the Tukey-Kramer adjustment for multiple pairwise comparisons. CUSUM plots were generated in R (version 3.2.2, R Foundation for Statistical Computing, Vienna, Austria), and additional analyses were performed in SAS version 9.4 (SAS Institute, Inc, Cary, NC).
Results
Participants
Thirty trainees from 10 centers were invited to participate; 25 trainees enrolled and 20 (80%) trainees from 8 centers completed the entire study (ie, interpreted all 50 HRM studies). Of the 5 trainees that withdrew, 3 were first-year fellows and dropped out because of time constraints, and 4 withdrew before case 20 without having achieved competence. Mean age was 32.2 AE 2.5 years and 17 (85%) were male. Participants were evenly distributed through fellowship training: 6 (30%) first year, 7 (35%) second year, and 7 (35%) third year. Most participants were in a clinical training track and in a university training setting. Eighteen (90%) had no prior manometry experience and 2 (10%) participants previously analyzed 1-5 HRM studies. The median confidence level in reading HRM before study onset was 1 (range, 1-5) on a scale of 1-10 (1 indicating the lowest level of confidence) ( Table 1) . One HRM study was 
Primary Outcome
Nine (45%) participants demonstrated acceptable performance at the end of the study: 5 (25%) definitely achieved competence and 4 (20%) likely achieved competence. Eleven (55%) participants failed to achieve competence by study conclusion (Figure 2 ). Competence was achieved by the 5 participants at variable case volumes (case numbers 1, 22, 43, 44, and 50). There were no significant differences in year of training (P ¼ .2), number of prior manometry studies interpreted (P ¼ .2), or university versus nonuniversity training setting (P ¼ .5) with regard to likelihood of achieving competency.
In the sensitivity analysis using 80% diagnostic accuracy as acceptable, 11 (55%) definitely achieved competence, 3 (15%) likely achieved competence, and 6 (30%) did not achieve competence (Supplementary Figure 1) .
Secondary Outcomes
Individual high-resolution manometry skills. Most participants achieved or likely achieved competency for upper esophageal sphincter location (95%), distal latency (70%), peristaltic integrity (60%), and pressurization pattern (60%). In contrast, no participants reached competency for EGJ morphology and presence of hiatal hernia, and only a minority achieved or likely achieved competency for basal EGJ pressure (5%), pressure inversion point location (35%), and IRP (25%). Data suggest lack of significant agreement between diagnostic accuracy and accuracy for individual HRM skills, as depicted in Table 2 .
Diagnostic accuracy. Diagnostic accuracy was higher for type I achalasia (87%), normal esophageal motility (86%), type II achalasia (77%), hypercontractile esophagus (76%), absent contractility (75%), and EGJ outflow obstruction (69%). Alternatively, diagnostic accuracy was lower for technically limited studies (30%), distal esophageal spasm (53%), type III achalasia (58%), and fragmented peristalsis (60%). Generalized estimating equations model results suggest that diagnosis significantly predicts trainee accuracy (P ¼ .04; Supplementary Table 1 ). In addition, increasing trainee confidence (in identifying the correct diagnosis) corresponded to an increased odds of diagnostic accuracy (odds ratio, 1.4; 95% confidence interval, 1.3-1.4; P < .01).
Poststudy Feedback
In poststudy surveys, 95% of participants responded that study participation increased their likelihood of independently reading HRM in practice. Overall mean confidence level (post/pre) increased across all groups (competence achieved, 5.6 AE 0.9; competence likely achieved, 5.5 AE 1.3; competence not achieved, 5.8 AE 1.5; P ¼ .9). Trainee comfort with independently reading HRM in unsupervised practice correlated with competence achieved (Spearman rho, 0.45; P ¼ .05). All participants who achieved or likely achieved competence indicated that they periodically reviewed the baseline educational material throughout the study (at least 3 time points). Many participants suggested that more detailed visual feedback following studies would be helpful and reported ongoing difficulty in understanding EGJ morphology.
Conclusions
We report the successful development of a competency assessment system for HRM interpretation, and present the results of a prospective multicenter study using this system in the evaluation of trainee HRM learning curves. We found significant variation in learning curves for HRM diagnosis and individual skills, and data suggest that a minimum set case volume does not ensure competency. Specifically, approximately half of participants did not achieve competency after viewing a training module and interpreting 50 HRM studies. In addition, competency for individual metrics of interpretation was not discriminatory for overall competency for HRM. Finally, participants had particular difficulty in identifying technically limited studies, type III achalasia, and distal esophageal spasm.
In our current training model, most gastroenterologists are not prepared to interpret gastrointestinal motility testing. Although hands-on motility training is offered at select centers of excellence in the United States, these programs are unable to meet the training needs of thousands of trainees and gastroenterologists in practice. 16 Deficiencies in formal structured training and assessments of competency results in marked variation in practice quality and compromises patient care. Interpretation of esophageal HRM is complex, and an individualized competency-based training approach is needed. 16 Existing literature on competency-based training in gastroenterology primarily focuses on endoscopic training, reporting that learning curves vary for colonoscopy, endoscopic ultrasound, and endoscopic retrograde cholangiopancreatography, and suggests that current training structures and societal recommendations underestimate requirements for procedural competency. [4] [5] [6] 17, 18 In colonoscopy training, assessments of individual skills (ie, cecal intubation rate or insertion time) are not reliable indicators of overall competency, 19 and current studies are examining comprehensive tools to measure endoscopic skills. [20] [21] [22] [23] Use of computerbased tools and virtual reality simulation with active feedback seem to be effective training methods for colonoscopy and provide reliable measures of competency. [24] [25] [26] Similar to the work in endoscopy, our study suggests that competency for the interpretation of esophageal HRM should not be determined on the sole basis of case volume, and that the current recommendation of interpreting 50 esophageal manometry studies to achieve expertise likely underestimates training requirements. 4 Furthermore, our study provides important information about trainee learning patterns. For instance, our study corroborates findings from prior smaller studies demonstrating suboptimal interrater agreement for spastic motor disorders (type III achalasia and distal esophageal spasm). 10, 27 Additionally, skills to identify technically limited studies need to be emphasized because technical limitations influence manometric readings, and identification remains a challenge. Conversely, important patterns, such as normal esophageal motility and type I or II achalasia, seem to be more readily recognized, even by those failing to achieve full competence. As expected, EGJ morphology type was challenging for participants; because this skill is not critical to accurately diagnosing a motor disorder, the nuances of EGJ morphology may be more effectively learned later in the training process and simple recognition of a large (>5 cm) hernia may be of greater clinical relevance rather than specification of morphology type. These data should be considered in the future development of formal training curricula.
There are important limitations to our study. Future studies should examine the validity of these results among a larger, diverse group of participants. Despite our attempts to recruit trainees from a variety of training settings and years, most were trainees at motility centers of excellence with potentially greater exposure to hands-on, in-person training than the general trainee population, thus limiting the generalizability and potentially overestimating the rate of competence achieved. In addition, future learning curve assessments require examination over a higher case volume to fully delineate learning patterns because most did not achieve competency by the 50th case. Our tool was not entirely automated and did not provide individualized performance feedback. Future designs should use an integrated multimedia interface that provides automated immediate feedback to reduce trainee fatigue and prompt meaningful self-assessment. Adaptive learning strategies reinforce competencies achieved and direct continuous learning where gaps are uncovered; this is essential to an effective competencybased training system for diagnostic tools, such as HRM. 28 The discrepancy between accuracy for diagnosis and individual HRM skills likely reflects the overly stringent criteria our research team predefined for acceptable answers for individual skills, and learning curves for individual skills may be better assessed using more clinically applicable definitions of accuracy, such as a high or normal IRP rather than a specified IRP range. Finally, as demonstrated in the sensitivity analysis, outcomes differ when considering acceptable diagnostic accuracy as 90% (p0 ¼ 0.1) compared with 80% (p0 ¼ 0.2).
The time has come to shift the focus toward competency-based training in esophageal motility disorders. This study importantly highlights that learning curves for HRM vary and that a minimum case volume of 50 studies does not ensure competency. Furthermore, our data provide the foundation for future direction in designing an automated digital platform that fosters personalized adaptive learning and simultaneously monitors competency. This mechanism has the potential to fill a critical gap in current HRM training and assessment, and may have additional implications on training and certification requirements. 
